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Introduction {#sec001}
============

As sessile organisms, plants are frequently threatened by drought, which detrimentally affects growth, development, productivity and geographic distribution \[[@pone.0149352.ref001]\]. Plants have developed many sophisticated mechanisms to adapt or survive under drought stress. Elucidating the molecular mechanisms that regulate drought tolerance is critical if plant growth and productivity under drought conditions is to be improved. Emerging evidences have shown that plants do not passively accept adverse conditions, but cope with it actively through generic drought signal perception and transduction, which leads to a range of stress related genes alterations that protect them from stress \[[@pone.0149352.ref002]\].

Previous reports have indicated that stress signaling cascades encompass a large number of stress-responsive genes, which can be generally classified into two major groups based on the functions of their products, effector molecules or regulator molecules. Products of the first group fucntion directly in protecting cells against damage derived from stresses and sustaining cell viability, such as osmolyte biosynthetic enzymes, antioxidant proteins, chaperones and late embryogenesis abundant (LEA) proteins \[[@pone.0149352.ref002]--[@pone.0149352.ref005]\]. The second group is composed of regulatory proteins, such as transcription factors (TFs), protein phosphatases and protein kinases \[[@pone.0149352.ref002]\]. Among these stress-related transcription factors, members of the AP2/EREPB, bZIP, WRKY and MYB proteins have been well characterized for their roles in the regulation of drought tolerance \[[@pone.0149352.ref006]--[@pone.0149352.ref009]\]. These genes constitute a delicate network that plays a key role in combating abiotic stress. A large number of genes are expressed under abiotic stress conditions, which suggests that the abiotic stress responses are more complex than was previously thought. Furthermore, there has been some difficulty in developing a clear-cut network for abiotic stress responses. Although many molecular components responsive to drought stress have been identified in many model plants, the highly complex and interconnected nature of the network is still not understood. Furthermore, it is well known that molecular responses may differ between model plants and non-model plants, although a few parts of the response pathways may be the same. Therefore, it is important to identify transcriptional changes in non-model plants during drought stress so that the molecular elements that are specific to non-model plants can be identified.

Previous researchers tended to clone and characterize a single gene involved in the stress response. However, this is a piecemeal strategy and contributes little to a comprehensive understanding of the defense-related transcriptome that is controlled by quantitative mechanisms \[[@pone.0149352.ref010]\]. To extend the list of candidates of interest, high-throughput techniques have been widely applied to further understanding of the molecular mechanisms underlying drought stress. Genome-wide expression profiling of plants under drought stress has been reported for many plant species, including tomato \[[@pone.0149352.ref011]\], rice \[[@pone.0149352.ref012]\], barley \[[@pone.0149352.ref013]\], cotton \[[@pone.0149352.ref014]\], maize \[[@pone.0149352.ref015]\], sorghum \[[@pone.0149352.ref016]\] and *Arabidopsis* \[[@pone.0149352.ref017], [@pone.0149352.ref018]\]. Although significant progress has been made over the past decade into identifying the networks affected by drought stress, there is still little information available about the network dynamics involved in pear drought resistance.

Pear is the one of the most widespread fruit in the world and has considerable economic and health value. Many wild relatives of cultivated pear exist and they have different degrees of tolerance to abiotic stress. *Pyrus betulaefolia*, an important rootstock for pear, is drought tolerant, which makes it a good source of valuable drought tolerance genes \[[@pone.0149352.ref019], [@pone.0149352.ref020]\]. Furthermore, genomic information for pear is currently available, and RNA-Seq has become more efficient, less costly and more sensitive \[[@pone.0149352.ref021], [@pone.0149352.ref022]\]. In this study, RNA-Seq data were generated to compare the gene expression patterns during different dehydration states. The gene expression profiles will provide valuable insights into the mechanisms underlying drought resistance in pear.

Materials and Methods {#sec002}
=====================

Plant materials and dehydration treatment {#sec003}
-----------------------------------------

Pear plants were grown in the seedling beds at National Center of Pear Engineering Technology Research, Nanjing Agricultural University. Three-month-old plants were used in this study. Uniform and healthy plants were inserted into a beaker containing distilled water, which were kept in a growth chamber at 26°C with a 16 h light/8 h dark photoperiod for 2 d before exposure to the dehydration treatment. Then seedlings were put on clean filter papers (90 x 90 mm) and allowed to dry for 0, 1, 3 and 6 h in an ambient environment at 26°C, followed by recovery in water at 26°C for 24 h. The leaves were independently harvested at the designated dehydration time points and then immediately placed in liquid nitrogen, and stored at --80°C until they were used for RNA extraction.

Illumina sequencing and data analysis {#sec004}
-------------------------------------

The total RNA isolation and Solexa/Illumina sequencing was done according to the published paper \[[@pone.0149352.ref023]\]. The raw sequence data analysis and base calling were produced by the Illumina instrument software Analyzer at BGI-Shenzhen. The remaining high quality clean sequencing reads were mapped onto the pear genome reference \[[@pone.0149352.ref024]\] to identify continuous gene regions using SOAP aligner/SOAP2 \[[@pone.0149352.ref025]\]. Only two mismatches were allowed. Unique mapped reads were used for further analysis. For gene expression level analysis, RPKM (reads per kb per million reads) was used \[[@pone.0149352.ref026]\]. To identify differentially expressed genes (DEGs), read counts for each gene were calculated. Then we model the read counts as Poisson distributed \[[@pone.0149352.ref027]\]. DEGs were identified requiring FDR ≤ 0.001 and an absolute value of log~2~ (fold-change) ≥ 1.

Genes with similar expression patterns are usually functionally correlated. We performed a cluster analysis on the gene expression patterns using cluster software \[[@pone.0149352.ref028]\] and Java Treeview \[[@pone.0149352.ref029]\] software. In the gene expression profiling analysis, InterPro domains \[[@pone.0149352.ref030]\] were annotated by InterProScan Release 36.0 \[[@pone.0149352.ref031]\] and functional assignments were mapped onto GO terms \[[@pone.0149352.ref032]\]. GO enrichment analysis were constructed using WEGO \[[@pone.0149352.ref033]\]. Significantly enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were identified according to the P values and enrichment factors \[[@pone.0149352.ref034]\]. Using a BLAST search against the KEGG database and then mapped onto KEGG pathways.

Cluster analysis {#sec005}
----------------

For each gene, RPKM expression values were normalized to values between -1.0 and 1.0 by multiplying by a scale factor, which made the sum of the squares for the time point values equal to 1.0. The normalized expression values for each transcript were then centered on zero by subtracting the mean of the values from each data point. Clustering was carried out by hclust function in R (<http://www.r-project.org/>) using a distance matrix representing the RPKM level profiles of the genes across the five time points. The tree produced by the clustering process was cut into several groups by the cutree function in R. Maximum number of clusters was set to 20.

Gene expression analysis by quantitative real-time PCR {#sec006}
------------------------------------------------------

To validate the expression patterns reveals by digital transcript abundance measurements results, sixteen DEGs were randomly selected and analyzed using quantitative real-time PCR. Primers for 16 DEGs were designed using Primer 5 software based on the target genes and listed in [S11 File](#pone.0149352.s018){ref-type="supplementary-material"}. Total RNA was treated with Dnase I to remove genomic DNA contamination, and then about 1μg of total RNA was used cDNA synthesis by the ReverTra Ace-αFirst Strand cDNA Synthesis Kit (TOYOBO, TOYOBO Biotech Co. Ltd, Japan) following the manufacturer's instructions. The 10 μL qPCR solutions contained 5 μL of SYBR^®^ Green Premix kit (TaKaRa Biotechnology. Dalian, China), 0.25 μM forward and 0.25 μM reverse primers, and 50 ng cDNA templates. All reactions were run as duplicates in 96-well plates. The quadruple qPCR reactions were performed on a Lightcycle-480 (Roche) using the following cycle regime: 50°C/2 min, 95°C/10 min, followed by 40 cycles of 95°C/15 s, and 58°C/1 min. The *Tubulin* gene (AB239681) was amplified in parallel as an internal reference gene. The relative expression levels of the amplified products were calculated using the 2^-ΔΔCt^ method \[[@pone.0149352.ref035]\]. Four technical replicates were used for each sample and the data are shown as means ± standard errors (SE) (n = 3). The source of variation resulted from the technical errors, such as operational approach, equipment and reagent. The primer sequences used for qPCR are listed are listed in [S11 File](#pone.0149352.s018){ref-type="supplementary-material"}.

Results and Discussion {#sec007}
======================

Electrolyte leakage and relative water content during dehydration {#sec008}
-----------------------------------------------------------------

In order to investigate the effect of dehydration on pear, young seedlings were dehydrated for 0, 1, 3, 6 h in an ambient environment at 26°C, followed by recovery in the water at 26°C for 24 h ([Fig 1](#pone.0149352.g001){ref-type="fig"}). Seedling electrolyte leakage (EL) was measured. Significantly higher EL was observed during dehydration for 6 h than at any other time point. The survival rate of the plants dehydrated for 6 h was 42% ([Fig 1F](#pone.0149352.g001){ref-type="fig"}). The decrease of relative water content (RWC) in the leaves was slow over the first hour of dehydration in an ambient environment but accelerated at the 3 and 6 h time points. The RWC of the dehydrated plants after 6 h was lower than it was at the other time points, except for after recovery in the water for 24 h ([Fig 1F](#pone.0149352.g001){ref-type="fig"}). The net photosynthetic rate (*P*~n~), stomatal conductance (*G*~s~) and transpiration rate (*T*~r~) of *Pyrus betulaefolia* were lower at 6 h than for any of the other time points at 1000 mol·m^-2^·s^-1^ light intensity. In this study, we also monitored the water potential during the process of dehydration, the result was shown as ([S1 Fig](#pone.0149352.s001){ref-type="supplementary-material"}). These results agree with earlier reports that drought significantly damages self-repair mechanisms and physiological metabolism \[[@pone.0149352.ref036]--[@pone.0149352.ref039]\].

![Time-course fresh water loss of *Pyrus betulaefolia* seedling during dehydration for 0, 1, 3 and 6 h in an ambient environment at 26°C, followed by recovery in water at 26°C for 24 h.\
(A-E). Electrolyte leakage and relative water content (RWC) analysis of *Pyrus betulaefolia* leaves. (F). Content of photosynthetic rate (*Pn*) (G); content of stomatal conductance (*Gs*) (H); content of transpiration rate (*Tr*) (I).](pone.0149352.g001){#pone.0149352.g001}

Statistics of read mapping {#sec009}
--------------------------

In this study, we performed an RNA-Seq analysis of the *Pyrus betulaefolia* digital transcript abundance measurements using Illumina-based 2 × 90 bp paired-end reads sequencing. Illumina, a widely used NGS platform for transcriptome assembly, produces relatively shorter reads but generates higher transcriptome coverage at lower expenses compared with other platforms \[[@pone.0149352.ref040]\]. In total, five RNA-Seq libraries were sequenced from *Pyrus betulaefolia* shoots dehydrated for 0, 1, 3 or 6 h in an ambient environment and then left to recover for 24 h in water. The number of reads for each library ranged from 11.7 to 12.6 million. A total of 11,959,230 raw reads were obtained from D0, 11,784,133 from D1, 12,643,252 from D3, 12,388,234 from D6, 11,957,932 from DH24. We filtering out the low quality reads, reads where the percentage of unknown bases (N) was greater than 10%, and adaptor sequences. Finally, this generated 11,403,704; 11,260,699; 12,317,953; 11,922,934; 11,408,119 clean reads with 49 bp reads for the 0, 1, 3, 6, dehydration time points and the 24 h recovery time point. The average number of clean reads produced per library was 11.6 million. The total number of mapped reads per library ranged from 7.9 to 8.6 million and the percentage of these mapped reads ranged from 70% to 71% ([Table 1](#pone.0149352.t001){ref-type="table"}).

10.1371/journal.pone.0149352.t001

###### Summary of read numbers based on the RNA-Seq data from *Pyrus betulaefolia* pear during dehydration.

![](pone.0149352.t001){#pone.0149352.t001g}

  Summary                                        D 0          D 1          D 3          D 6          DH 24
  ---------------------------------------------- ------------ ------------ ------------ ------------ ------------
  Total clean Reads                              11,403,704   11,260,699   12,317,953   11,922,934   11,408,119
  Total Mapped Reads                             8,027,870    7,923,533    8,647,506    8,577,648    8,049,552
  Total Mapped Reads/Total clean Reads           70.40%       70.36%       70.20%       71.94%       70.56%
  Perfect Match Reads                            4,608,911    4,588,977    5,021,477    4,940,970    4,651,945
  Perfect Match Reads/Total clean Reads          40.42%       40.75%       40.77%       41.44%       40.78%
  ≤2 bp Mismatch Reads                           3,418,959    3,334,556    3,626,029    3,636,678    3,397,607
  ≤2 bp Mismatch Reads/Total clean Reads         29.98%       29.61%       29.44%       30.50%       29.78%
  Unique Match Reads                             6,132,881    6,068,845    6,132,881    6,132,881    6,132,881
  Unique Match Reads/Total clean Reads           53.78%       53.89%       52.48%       55.71%       52.97%
  Multi-Position Match Reads                     1,894,989    1,854,688    2,182,942    1,935,434    2,006,133
  Multi-Position Match Reads/Total clean Reads   16.62%       16.62%       16.62%       16.62%       16.62%
  Total-Unmapped Reads                           3,375,834    3,337,166    3,670,447    3,345,286    3,358,567
  Total-Unmapped Reads/Total clean Reads         29.60%       29.64%       29.80%       28.06%       29.44%

In this study, reads of RNA-Seq data were mapped to the assembled pear genome for 'Dangshansuli' \[[@pone.0149352.ref024]\]. A saturation analysis was performed to determine if the number of the detected genes increased in proportion to the sequencing effort. The saturation trend showed that the number of detected genes almost stopped increasing when the number of reads reached 2 million (data not shown). If the randomness is poor for specific gene region, then this will directly affect subsequent bioinformatics analysis. Therefore the randomness of the RNA-seq data was evaluated by analyzing the distribution of reads matching the reference genes \[[@pone.0149352.ref041]\]. The results showed that the randomness of the reads was so good that the reads in every position would be evenly distributed (data not shown). Heterogeneity and redundancy are two significant characteristics of mRNA expression levels. Therefore, the normality of the RNA-Seq analysis was evaluated by analyzing the distribution of the unique mapped reads. [S2 Fig](#pone.0149352.s002){ref-type="supplementary-material"} shows that the distribution of the unique mapped reads over different read abundance categories showed the same patterns for all five RNA-Seq libraries. Taken together, these results were also suggested that our RNA-seq data of *Pyrus betulaefolia* represents a valuable digital transcript abundance measurements resource for gene discovery and functional analysis, which was in agreement with previous report \[[@pone.0149352.ref011], [@pone.0149352.ref013], [@pone.0149352.ref021], [@pone.0149352.ref023]\].

Differentially expressed genes in the libraries {#sec010}
-----------------------------------------------

It has been well documented that plants can enhance their drought tolerance by modulating gene transcription, and examples of gene induction and repression in response to drought have been reported \[[@pone.0149352.ref011], [@pone.0149352.ref042]\]. In this study, differences in gene expression during dehydration treatment were analyzed, and the DEGs were identified by pairwise comparisons of the five libraries, i.e. D0 vs. D1, D0 vs. D3, D0 vs. D6, D0 vs. DH24, D1 vs. D3, D vs. D6, D1 vs. DH24, D3 vs. D6, D3 vs. DH24 and D6 vs. DH24 ([Fig 2A](#pone.0149352.g002){ref-type="fig"}), which resulted in ten pairs of comparisons. Among these comparisons, we found that between 374 and 6866 genes were significantly differentially expressed, depending on the library, and the average number was 3,777. The differential expression patterns for the libraries revealed that the largest number of differentially expressed genes occurred between D0 and D6. A total of 6866 genes were significantly differentially expressed between these two libraries. Of these genes, 3060 genes were up-regulated and 3806 genes were down-regulated. The second largest number of differentially-expressed genes occurred between D1 vs. D6. A total number of 6,150 DEGs were detected between the D1 and D6 libraries, with 3087 being up-regulated and 3063 down-regulated. The third largest number of DEGs occurred in the D6 vs. DH24 comparison, followed by D3 vs. D6, D1 vs. D3, D1 vs. DH24, D3 vs. DH24, D0 vs. D3, D1 vs. D3, D0 vs. D1. The results are consistent with the results reported by Huang et al. (2013), Ning et al. (2010), Gong et al. (2010), whose data showed that on exposure to different stresses, many stress related genes were induced by stress treatments that lasted for varying lengths of time \[[@pone.0149352.ref021], [@pone.0149352.ref043], [@pone.0149352.ref044]\]. One of the explanations for this might be that plants do not passively accept environmental stresses, but respond actively through the perception of a stress signal, which then induces the expression of a large number of stress related genes that protect the plant against stress damage \[[@pone.0149352.ref013], [@pone.0149352.ref036]\]. To further survey the genes that were transcriptionally highly expressed during specific stages of dehydration, we investigated the genes that were up-regulated at a single time point compared with their expression levels at any other time point. There were 1516 relatively highly expressed genes that showed a more than twofold change in expression at a single stage compared to all other stages ([S1 File](#pone.0149352.s008){ref-type="supplementary-material"}). These genes are called stage specific up-regulated genes (SSRG) in this paper. After the plants had been dehydrated for 1 h, ten genes showed a more than twofold change in expression, compared to the other time points. Two of these SSRG genes coded for 70 kD heat shock proteins (Hsp70s), which are an important part of a cell's protein folding mechanism, and help to protect cells from stress \[[@pone.0149352.ref045]\]. Five genes were related to protein folding, which indicated that the protein folding mechanism was the main process that responded to drought stress at this point. After 3 h, 53 SSRGs were observed to be enriched in the GO terms "apoptosis" and \"protein phosphorylation\" ([Table 2](#pone.0149352.t002){ref-type="table"}). After 6 h, the number of SSRGs significantly increased. A total of 992 SSRGs were detected with the enriched GO terms of "regulation of transcription", "NA-dependent", "response to biotic stimulus", "cell wall macromolecule catabolic process" etc. After the rehydration recovery period in water, there were 457 genes that were more highly expressed than at any other stage. The up-regulated transcription of the genes mentioned above suggested that they played an important role in biological processes at specific stages during dehydration. During the early stage of dehydration stress, protein folding is important, and then apoptosis and protein phosphorylation began to respond to stress after 3 h of treatment. Many genes were highly expressed after 6 h, including some transcription factors and stress related genes ([S2 File](#pone.0149352.s009){ref-type="supplementary-material"}). When the plants had recovered in water, other highly expressed genes seemed to play a specific role in recovery, which was in agreement with previous report \[[@pone.0149352.ref013], [@pone.0149352.ref037], [@pone.0149352.ref043]\].

![Differentially expressed genes between different libraries.\
Up-regulated (red) and down-regulated (green) genes were quantified (A). The ten comparison results are shown. Venn diagram showing the differentially expressed genes at each of the five time points associated with drought stress. (B) Up-regulated genes. (C) Down-regulated genes.](pone.0149352.g002){#pone.0149352.g002}
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###### Over-represented GO terms for specific highly expressed genes at a given time point compared to the other time points.

![](pone.0149352.t002){#pone.0149352.t002g}

  Stage     GO description                                 Number of genes   P value
  --------- ---------------------------------------------- ----------------- ---------
  D1.UP     protein folding                                5/250             7.1E-08
            response to stress                             2/659             4.8E-02
  D3.UP     apoptosis                                      7/296             1.6E-04
            protein phosphorylation                        9/1429            4.4E-02
            innate immune response                         3/104             1.8E-02
  D6.UP     regulation of transcription, DNA-dependent     48/679            2.2E-02
            response to biotic stimulus                    8/48              2.6E-02
            response to water                              4/11              2.5E-02
            pentose-phosphate shunt                        4/12              2.6E-02
            aromatic amino acid family metabolic process   7/38              2.6E-02
            cell wall macromolecule catabolic process      7/31              1.6E-02
  D6.DOWN   photosynthesis, light harvesting               14/28             1.8E-09
            pigment biosynthetic process                   6/22              4.6E-02
            L-arabinose metabolic process                  3/3               1.2E-02

We analyzed genes that were only differentially expressed at a single time point to investigate genes that are transcriptionally regulated at specific time points under water deficit conditions. We found that 26, 166, 1295 and 1065 of the DEGs were significantly up-regulated only at D1, D3, D6 and DH24, respectively ([Fig 2B](#pone.0149352.g002){ref-type="fig"}). In contrast, 23, 82, 2188 and 390 genes were only significantly down-regulated at D1, D3, D6 and DH24, respectively ([Fig 2C](#pone.0149352.g002){ref-type="fig"}). We also have added the analysis on each stage (D1, D3 and D6) specific down-regulated genes compared with DH24, the data are shown in [S3](#pone.0149352.s010){ref-type="supplementary-material"}, [S4](#pone.0149352.s011){ref-type="supplementary-material"}, [S5](#pone.0149352.s012){ref-type="supplementary-material"} and [S6](#pone.0149352.s013){ref-type="supplementary-material"} Files. In addition, we have added the analysis on 5 stages common differentially expression genes. There were 70 genes common up-regulated, and 78 genes are common down-regulated ([S7](#pone.0149352.s014){ref-type="supplementary-material"} and [S8](#pone.0149352.s015){ref-type="supplementary-material"} Files). These data indicate that DEGs display noticeable differences in their dehydration response at the transcriptional level, and that these differences depend on the dehydration state of the plant, which was in agreement with previous report \[[@pone.0149352.ref011], [@pone.0149352.ref013]\].

Functional annotation of differentially expressed genes {#sec011}
-------------------------------------------------------

BLAST analysis and GO term annotation were performed to improve our understanding of the functions of these specifically regulated genes. We used GO term enrichment analysis to gain more insights into these genes. It is an efficient strategy for analyzing the representation of genes in different categories because it compares gene expression profiles to the background profile \[[@pone.0149352.ref046]\]. GO term enrichment analysis annotated approximately 19,532 sequences and categorized them into three main categories: biological process, cellular component and molecular function. The sequences were subsequently categorized into 40 GO functional groups ([Fig 3](#pone.0149352.g003){ref-type="fig"}). In the biological process category, the DEGs were further classified into four major groups: metabolic processes, cellular processes, response to stimulus and biological regulation. In the molecular function category, the genes were further classified into seven major groups: catalytic activity, binding, transporter activity, molecular transducer activity, transporter activity, enzyme regulation and nucleic acid binding transcription factor activity. The cellular component category was further classified into cell, cell part, membrane, organelle and membrane part. These results demonstrated that DEGs that had binding, transport, molecular transduction, transcription regulation and enzyme regulation functions were important during drought stress, which was in agreement with previous report \[[@pone.0149352.ref011], [@pone.0149352.ref021]\].

![GO categories for the genes identified. Y-axis (left) represents the percentage of genes identified in this study; Y-axis (right) represents the actual gene number.\
The genes were annotated into three main categories: biological process, cellular component and molecular function (X-axis).](pone.0149352.g003){#pone.0149352.g003}

Significantly enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were identified according to the P values and enrichment factors. Using a BLAST search against the KEGG database showed that there were 19,532 genes that mapped onto KEGG pathways. As shown in [S9 File](#pone.0149352.s016){ref-type="supplementary-material"}, a total of 129 KEGG pathways were observed to be significantly overrepresented during dehydration. The genes that correlated with drought were mainly involved in photosynthesis, plant hormone signal transduction, cell wall modification, transcriptional regulation and drought metabolism, and were selected for subsequent analysis. The present results were consistent with the overall biochemical pathways that are known to be active during drought stress \[[@pone.0149352.ref011]\]. In addition, several other biological processes that have not previously been reported to be associated with drought, such as cell process, biological regulation, and metabolic process, also dramatically changed during drought stress. These might be novel genes that are relevant to the drought process in *Pyrus betulaefolia*, which was in agreement with previous report \[[@pone.0149352.ref043], [@pone.0149352.ref047]\].

An overview of the gene expression profiles, gene ontology enrichment results and KEGG pathways present during dehydration treatment {#sec012}
------------------------------------------------------------------------------------------------------------------------------------

To investigate the co-expressed genes during drought stress, we applied statistical clustering to all the genes that were differentially expressed in at least one drought stage compared to the control ([Fig 4](#pone.0149352.g004){ref-type="fig"}). This clustering approach classifies genes using the pool of differentially regulated genes that exhibited similar patterns of expression over the five stages, regardless of the absolute level of expression. We detected 18 clusters of regulated genes, comprising of 8538 genes that showed some degree of differential expression ([Fig 4](#pone.0149352.g004){ref-type="fig"}). The largest group (Cluster 1) included 2335 genes (27.3%) that began to decrease progressively 3 h after dehydration treatment, but maintained a stable expression level during the last two stages. The second largest group (Cluster 3) contained 2008 genes (23.5%) that began to accumulate 1 h after dehydration, and increased progressively until they reached their highest level at 6 h. The third largest group (Cluster 5) contained 1044 genes (12.2%) whose expression decreased continuously up to the 6 h time point, and then increased progressively until they reached their highest level at DH24. The fourth largest group (Cluster 6) contained 1030 genes (12.1%) whose expression did not change notably at the beginning, except for a slight decrease at 6 h of dehydration treatment, and then increased progressively until the end at DH24. The fifth largest group (Cluster 8) contained 838 genes (9.8%) whose transcript level increased progressively under dehydration stress until they reached their highest level at 6 h, and then slightly decreased until the end at DH24. The sixth largest group (Cluster 11) contained 116 genes (1.4%) whose expression increased continuously under dehydration stress until they reached their highest level at 6 h, and then decreased progressively until DH24, which was in agreement with previous report \[[@pone.0149352.ref036], [@pone.0149352.ref037]\].

![Clustering and gene ontology enrichment of regulated genes.\
Genes displaying some degree of regulation were clustered using Hierarchical Clustering. A description of the expression pattern and the number of transcripts belonging to the cluster form the title of each chart. Expression values were normalized and scaled to between --1.0 and 1.0 (Y-axis). Enriched "Biological Process" GO terms, generated in BinGO are listed at the bottom of each cluster. For Clusters 12, 13, 14, 16 and 18, no over-represented "Biological Process" terms were detected. The number of genes associated with an over-represented GO term in the cluster and the number of genes associated with the same GO term in the Pyrus transcriptome are shown in parentheses. Specific genes belonging to each cluster can be found in [S3 File](#pone.0149352.s010){ref-type="supplementary-material"}. 2 (D1), 3 (D3), 4, (D6), 5 (DH24).](pone.0149352.g004){#pone.0149352.g004}

In order to produce a global description of the biological processes enriched in each cluster of similarly regulated genes, we generated an overview of gene ontology (GO) terms using BinGO. The GO term "photosynthesis" was enriched in Cluster 1, which indicated that photosynthesis decreased when the plant responded to water deficit stress. The "innate immune response" biological process was detected in Clusters 2 and 11, whose genes were highly expressed at D3 or D6, but had returned to control levels at DH24. The "response to stimulus" and "response to water" biological processes were also represented in Cluster 3, The transcript levels of the genes in these groups increased progressively under dehydration stress and reached their highest level at 6 h, and then decreased progressively after the plants had been allowed to recover for 24 h. Cluster 5 enriched GO terms, such as "regulation of cellular protein" and "metabolic process", contained up-regulated genes. These results suggested that genes with significantly up-regulated expressions under these GO terms played key roles in the response to dehydration stress, which was in agreement with previous report \[[@pone.0149352.ref043], [@pone.0149352.ref047], [@pone.0149352.ref048]\].

We generated an overview of the metabolic pathways using KEGG pathway analysis (<http://www.genome.jp/kegg/>) so that a global description of enriched metabolic pathways in each cluster of similar genes could be produced. We also found other important metabolic pathways that had been enriched in some clusters and were related to drought stress ([S2 File](#pone.0149352.s009){ref-type="supplementary-material"}). "Plant hormone signal transduction" and "photosynthesis" was found to be enriched in Cluster 1, which showed that photosynthesis pathway activity decreased when plants were exposed to dehydration stress. These results agreed with earlier reports that photosynthesis is a primary biosynthetic pathway that restricts the normal function of other metabolic pathways, such as nitrogen fixation \[[@pone.0149352.ref011], [@pone.0149352.ref049], [@pone.0149352.ref050]\]. The metabolic "MAPK signaling pathway" was classified into Cluster 3 and Cluster 15. Previous studies have extensively emphasized the role of the MAPK signaling pathway in abiotic stress tolerance \[[@pone.0149352.ref038], [@pone.0149352.ref044], [@pone.0149352.ref051], [@pone.0149352.ref052]\].

Metabolic changes of hormone in response to the dehydration {#sec013}
-----------------------------------------------------------

In order to investigate the metabolic changes after dehydration stress, we used MapMan to dissect the detailed metabolism in pear. At D1 and D3, we can observed that some of mebabolism have been changes, including genes including genes involved in cell wall, lipids, etc. We also observed the most metabolic changes at D6 ([S3](#pone.0149352.s003){ref-type="supplementary-material"}, [S4](#pone.0149352.s004){ref-type="supplementary-material"}, [S5](#pone.0149352.s005){ref-type="supplementary-material"} and [S6](#pone.0149352.s006){ref-type="supplementary-material"} Figs). Plant utilize hormones to regulate and coordinate growth and stress tolerance to survive or escape from stress. These hormones can act in the upstream of dehydration response and trigger hormone signal pathway. So here we mainly focus on metabolic changes of Abscisic acid (ABA) and gibberellin (GA).

Abscisic acid (ABA) is an important phytohormone in the dehydration-stress response in plant. Its metabolic changes are one of the determinants of endogenous ABA levels and control diverse stress response. In our results, we observed *PbNCED3* were induced at 1 h and kept a higher expression level at 3 h and 6 h. After recovery in the water for 24 h, the expression was down-regulated. This gene encodes an epoxy carotenoid dioxygenase, a key enzyme in the biosynthesis of abscisic acid. *AtNCED3* gene is strongly induced by drought stress, and the *nced3* mutant lacks drought-responsive ABA accumulation \[[@pone.0149352.ref053]\]. The induction of *AtNCED3* occurs in the early stages of the response to dehydration stress \[[@pone.0149352.ref054]\]. In our study, *PbNCED3* was also induced at very early stage ([Fig 5A](#pone.0149352.g005){ref-type="fig"}).

![Expression patterns of genes involved in ABA and GA metabolism.](pone.0149352.g005){#pone.0149352.g005}

In pear, *PbCYP707A3* showed similar expression pattern with *PbNCED3* ([Fig 5B](#pone.0149352.g005){ref-type="fig"}). The *cyp707a3* mutant plants exhibited both exaggerated ABA-inducible gene expression and enhanced drought tolerance \[[@pone.0149352.ref055]\]. *CYP707A3* encodes a major ABA 8\'-hydroxylase and involves in dehydration and rehydration response in *Arabidopsis* \[[@pone.0149352.ref055]\]. These results indicate that the response of the ABA metabolism pathway towards drought stress is a conserved mechanisms between *Arabidopsis* and pear.

We found that *PbCYP88A3* were induced under drought stress in pear ([Fig 5C](#pone.0149352.g005){ref-type="fig"}). *PbCYP88A3* encodes an ent-kaurenoic acid hydroxylase. Ent-kaurenoic acid hydroxylase is an important enzyme in GA biosynthesis. After drought stress, ent-kaurenoic acid hydroxylase was found to be down-regulated. GA 2-oxidase (GA2ox) genes encode GA-inactivating enzymes \[[@pone.0149352.ref056]\]. GA deactivation is an important point of control in the reduction of bioactive GA levels in response to stress. Decreased level of bioactive GA levels may be a results of growth inhibition after dehydration in pear ([Fig 5D](#pone.0149352.g005){ref-type="fig"}).

Phytohormone signal transduction under dehydration stress {#sec014}
---------------------------------------------------------

In our work, the digital transcript abundance measurements data showed that the transcript levels of genes involved in signal transduction pathways related to plant hormone were chaged within 1 h of dehydration treatment. Furthermore, a large numbers of genes related to hormone pathways showed modifys in transcript levels over the 6 h of the dehydration, demostratting a important role of the these pathways in conferring *Pyrus betulaefolia* response to the dehydration. ABA is a major phytohormone that regulates a broad range of plant traits and is important for adaptation to environmental conditions \[[@pone.0149352.ref056], [@pone.0149352.ref057]\]. It has been suggested that ABA can bind to the PYR/PYL/RCAR family of START domain-containing soluble receptors \[[@pone.0149352.ref058], [@pone.0149352.ref059]\]. The binding causes the receptors to bind and inhibit the activities of the type A protein phosphatase 2Cs (PP2Cs). Intersetingly, in this study, we noticed that a PYL gene was up-regulated by approximately 7--50 folds after 3 and 6 h of dehydration treatment. Up-regulation of the PYL gene implies that synthesis of ABA might be elevated in *Pyrus betulaefolia* under dehydration. In addition, we also detected the up-regulated expression of PP2C by approximately 5.6--9.7 folds after 3 and 6 h of dehydration treatment, a key component in the ABA signaling pathway. This result is consistent with studies of *P*. *euphratica* and *A*. *thaliana* \[[@pone.0149352.ref011], [@pone.0149352.ref060]\]. So, whether and how ABA mediated signaling pathway is involved in the dehydration responses of *Pyrus betulaefolia* remains to be further illustrated.

Classification of the transcription factors into clusters {#sec015}
---------------------------------------------------------

Numerous families of TFs are known to orchestrate the signals that are transduced when plants are challenged with various abiotic stresses, including the MYB, AP2/ EREBP, WRKY, NAC, MYC and bHLH families, and individual members have been revealed to promote or suppress abiotic stress responses \[[@pone.0149352.ref006], [@pone.0149352.ref008], [@pone.0149352.ref043], [@pone.0149352.ref061]--[@pone.0149352.ref064]\]. In the current study, our digital transcript abundance measurement results showed that 2353 TFs were annotated as putative transcription factors in the pear genome. Among these, 637 (27.1%) were found to be induced either at a given time point or during the whole course of the dehydration treatment. These TFs were distributed across the above 18 clusters and classified into five major groups according to their putative DNA binding domains ([S10 File](#pone.0149352.s017){ref-type="supplementary-material"}).

The first largest group of the dehydration-inducible TFs belonged to the MYB family, which contained 72 MYB genes that were differentially expressed and classified into different clusters based on their expression patterns, among which 23, 6, 17, 1, 6, 4, 5, 6, 2 and 2 MYB transcription factors were identified in Cluster 1, Cluster 2, Cluster 3, Cluster 4, Cluster 5, Cluster 6, Cluster 7, Cluster 8, Cluster 11 and Cluster 16, respectively ([S10 File](#pone.0149352.s017){ref-type="supplementary-material"}). Interestingly, Clusters 2, 3, 8, 11 and 16 were induced by the drought treatment. In other words, approximately 33 MYB transcription factors were up-regulated under dehydration stress. The present data corroborated earlier work which had suggested that MYB family transcription factors were involved in stress responses \[[@pone.0149352.ref006], [@pone.0149352.ref065]\].

The second group of induced transcription factors contained factors from the basic helix-loop-helix (bHLH) family. A total of 57 bHLH genes were identified as drought-responsive genes in this study. Approximately 24, 2, 17, 1, 5, 3, 3, 1 and 1 bHLH transcription factors were identified in Cluster 1, Cluster 2, Cluster 3, Cluster 4, Cluster 5, Cluster 6, Cluster 8, Cluster 12 and Cluster 17, respectively ([S10 File](#pone.0149352.s017){ref-type="supplementary-material"}). Cluster 3 and Cluster 8 genes, whose transcription levels increased progressively under dehydration stress, contained 20 bHLH transcription factors. In addition, one bHLH transcription factor was up-regulated at D1, 11 bHLH novel genes were up-regulated at D3, 11 bHLH novel genes were up-regulated at D6, and three bHLH novel genes were up-regulated at DH24. Our data corroborates earlier research that had suggested that the bHLH genes were involved in ABA response regulation under stress conditions \[[@pone.0149352.ref064], [@pone.0149352.ref066]\].

The third group contained 45 WRKY genes that were induced by dehydration treatment. In this study, a total of 45 WRKY transcription factors were differentially expressed, and approximately 4, 6, 23, 2, 3, 5, 1 and 1 WRKY transcription factors were identified in Cluster 1, Cluster 2, Cluster 3, Cluster 5, Cluster 6, Cluster 8, Cluster 9 and Cluster 11, respectively ([S10 File](#pone.0149352.s017){ref-type="supplementary-material"}). Moreover, one WRKY transcription factor was induced at D1, 23 WRKY novel genes were up-regulated at D3, nine WRKY novel genes were up-regulated at D6, and four novel genes were up-regulated at DH24. These results agree with earlier reports that WRKY transcription factors play important roles in regulating drought and other abiotic stress responses \[[@pone.0149352.ref067], [@pone.0149352.ref068]\].

The fourth group contained NAC family genes, and a total of 39 genes belonging to this family were identified in this study. Among them, approximately 3, 2, 20, 3, 4, 6 and 1 NAC transcription factors were classified into Cluster 1, Cluster 2, Cluster 3, Cluster 4, Cluster 5, Cluster 6, Cluster 8, Cluster 9 and Cluster 11, respectively ([S10 File](#pone.0149352.s017){ref-type="supplementary-material"}). In addition, three NAC transcription factors were induced at D1, 12 novel NAC genes were up-regulated at D3, 13 novel NAC genes were up-regulated genes at D6, and four novel NAC genes were up-regulated at DH24. These results agreed with earlier reports that suggested that NAC genes played significant roles in plant tolerance to various environmental stresses \[[@pone.0149352.ref063], [@pone.0149352.ref069]\].

The fifth group contained HSF family genes. A total of 15 HSF genes were induced by dehydration treatment in this study. Of these, 10, 1 and 4 HSF transcription factors were classified into Cluster 3, Cluster 11 and Cluster 15, respectively ([S10 File](#pone.0149352.s017){ref-type="supplementary-material"}). Furthermore, four HSF transcription factors were induced at D1, six novel HSF genes were up-regulated at D3, and seven novel HSF genes were up-regulated at D6. However, there was only one novel HSF up-regulated at DH24. Several earlier studies have demonstrated that HSF family genes are regulators that prevent the accumulation of damaged proteins and maintain cellular homeostasis \[[@pone.0149352.ref070], [@pone.0149352.ref071]\], but whether they work, independently or synergistically, to promote drought tolerance of *Pyrus betulaefolia* remains to be determined.

Validation of DEG-based gene expression {#sec016}
---------------------------------------

To validate the reliability of the drought responsive gene expression profiles for DEG, 16 genes were confirmed by quantitative real-time PCR using gene-specific primers ([S11 File](#pone.0149352.s018){ref-type="supplementary-material"}). These selected genes encoded dehydrin 5, dehydrin 2, dehydrin 4, dehydrin 1, heat stress transcription factor A-3-like, ethylene response factor 3, WRKY transcription factor, late embryogenesis abundant protein D-29, putative transcription factor bHLH041, CML13, PP2C, DREB6 and WRKY29. As shown in [Fig 6](#pone.0149352.g006){ref-type="fig"}, it is evident that the expression patterns of the selected drought responsive genes produced by quantitative real---time PCR were largely consistent with the DEG data, despite the difference in the absolute fold change between the two methods. These results agreed with earlier reports that suggested that these selected genes played significant roles in plant tolerance to various environmental stresses \[[@pone.0149352.ref005], [@pone.0149352.ref008], [@pone.0149352.ref022], [@pone.0149352.ref057], [@pone.0149352.ref059], [@pone.0149352.ref068], [@pone.0149352.ref070], [@pone.0149352.ref072], [@pone.0149352.ref073]\]. It also showed that there is a high degree of correlation in expressional patterns between qPCR and RNA-Seq. In addition, The PCR efficiency (E) of each gene were ranked from 95.7% to 105.5%, the correlation coefficients (R^2^) was between 0.996 to 1.000. The result indicated that the primer for quantitative real-time PCR of each gene was appropriate ([S11 File](#pone.0149352.s018){ref-type="supplementary-material"}). This suggested that the results from this preliminary DEG data analysis were reliable, which was in agreement with previous report \[[@pone.0149352.ref021], [@pone.0149352.ref074]\]. In addition, it also provides a basis for further investigation into the functions of these drought genes in the future.

![Quantitative RT-PCR validation of differential gene expression during dehydration.\
The left Y-axis indicates the gene expression levels calculated by the RPKM method. The right Y-axis indicates the relative gene expression levels.](pone.0149352.g006){#pone.0149352.g006}

Conclusions {#sec017}
===========

The transcriptome data for *Pyrus betulaefolia*, obtained by RNA-Seq, was used to identify and annotate a large number of DEGs involved in dehydration stress, which provides an excellent platform for future genetic and functional genomic research. Genes related to drought tolerance and their expression profiles at four different dehydration stages and at one recovery stage were analyzed further. This offered new insights into the molecular mechanisms underlying pear drought tolerance. The up-regulated DEGs included some previously reported genes (e.g. NAC, DREB, bHLH and MYB) and some new genes (e.g. cytochrome P450, ERF1B and PYL) that are thought to be related to drought tolerance. In addition, a number of candidate target genes that could be used in future functional studies of the drought stress process were obtained. Taken together, in this study, we found metabolic changes of ABA and GA in pear. These changes worked as upstream of drought response and then leaded hormone signal changes. Hormone signal changes further caused TF expression changes and drought response in pear ([S7 Fig](#pone.0149352.s007){ref-type="supplementary-material"}). The data presented here gives an insight into the molecular changes underlying the drought process in *Pyrus betulaefolia*, and the results can be used as a reference for identifying candidate genes that hold great potential for genetic engineering and for the creation of novel germplasms with enhanced drought stress tolerance.

Supporting Information {#sec018}
======================

###### Water potential during the process of dehydration.
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###### Percent coverage represents the percentage of unigenes mapped in our transcriptome data that showed a five-fold increase in expression during dehydration.

Gene coverage is the percentage of a gene covered by reads. This value is the ratio of the number of bases in a gene covered by unique mapping reads to the total number of bases in that gene. The distribution of unique reads over different read abundance categories show similar patterns for all five RNA-Seq libraries.
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###### DEGs between D0 and D1 in major metabolic pathway using MapMan.
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###### DEGs between D0 and D3 in major metabolic pathway using MapMan.
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###### DEGs between D0 and D6 in major metabolic pathway using MapMan.
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###### DEGs between D0 and DH24 in major metabolic pathway using MapMan.
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###### Model for drought response in pear.
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###### D0 stage specific down-regulated genes compared with DH24.
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###### D1 stage specific down-regulated genes compared with DH24.
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###### D3 stage specific down-regulated genes compared with DH24.
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###### D6 stage specific down-regulated genes compared with DH24.
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###### Common up-regulated genes in D1, D3, D6 and DH24.
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###### Common down-regulated genes in D1, D3, D6 and DH24.
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###### Significantly enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) terms.
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###### List of TFs in each cluster.
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###### Primers for sixteen DEGs were designed using Primer5 software based on the target genes.
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